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Among the various policy options available to reduce the excess application of nitrogen, including 
restricting the nitrogen fertilizer application rate and taxing nitrogen fertilizer, udoption of a soy- 
bean-corn rotation, while coincidentally limiting the nitrogen fertilizer application rate, will have the 
lowest compliance costfor a farmer. This rotution also will be the most efficient option, by maintaining a 
profitable level of crop production irrespective of the ratio of the nitrogen fertilizer price and the corn 
price. Using rotation on cropland with a high potentialfor leaching will have a smaller compliance cost 
relative to that found when the cropland has moderate leaching potential. 
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Introduction 
Nitrogen is an essential plant nutrient required to pro- 
duce food and fiber. Although the increased use of 
nitrogen fertilizer has contributed to increased food and 
fiber production in the United States in recent years, it 
has also been identified as a major contributor to ele- 
vated concentration levels of nitrates in ground water in 
some regions of the country. (See Freshwater Founda- 
tion,’ Office of Technology Assessment,’ Nielsen and 
Lee,3 and U.S. Environmental Protection Agency.4) 
High concentration levels of nitrates in drinking wa- 
ter supplied from ground water have become a public 
concern because of their real and suspected risks to 
human health. The presence of nitrates in drinking 
water can cause potentially fatal infant methemoglobi- 
nemia (blue baby syndrome). Nitrates are also linked to 
nitrosamine, a potent carcinogen affecting a wide range 
of organs in many animal species.5 
Although nitrates in ground water come from various 
sources, the application of nitrogen fertilizer by the 
agricultural sector has been identified as the major 
contributor to the presence of nitrates in ground water 
in some states.4 This conclusion is supported by docu- 
mented incidents of contamination by nitrogen fertilizer 
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used by farmers in Pennsylvania, Florida, Wisconsin, 
California, New York, Iowa, and several other states.3 
Targeting vulnerable areas to reduce nitrate leaching 
associated with nitrogen fertilizer use into the ground 
water is a plausible, national environmental policy. The 
targeting approach recognizes differences in the vulner- 
ability of various types of soils to leaching and, corre- 
spondingly, prescribes different policies to minimize (or 
at least mitigate) nitrate leaching. Additionally, the 
targeting approach is an effective tool if the objective is 
to minimize the social cost of the program.6.7 
A variety of methods are available to reduce the use 
of nitrogen fertilizer on targeted cropland. One ap- 
proach is to adopt a fertilizer-reducing farming practice, 
such as crop rotation, in which a legume crop (e.g., 
soybeans) is rotated with a nonlegume crop (e.g., corn). 
The legume crop is used to provide fixed nitrogen as a 
substitute for fertilizer nitrogen. Adoption of this sort of 
crop rotation can reduce the residual (excess) nitrogen 
in the soil through a reduction in the frequency and 
amount of nitrogen fertilizer applications on a field and 
through more efficient use of the nitrogen fertilizer 
applied because of more conducive soil conditions in 
which to grow a crop. The benefits and costs associated 
with this approach are the focus of this paper. 
The basis of this analysis is the farm-level cost of 
adopting alternative farming practices aimed at re- 
ducing the excess application of nitrogen. The excess 
application of nitrogen is defined to be the difference 
between the amount of nitrogen applied and the amount 
of nitrogen in both plants and crops harvested and 
removed from the field at the end of the growing season. 
The analysis focuses on crop rotations for corn produc- 
tion because corn uses large amounts of nitrogen fertil- 
izer. Moreover, the continuous growing of corn (i.e., 
growing corn from one planting season to the next) is 
targeted for change because it is a common farming 
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practice accounting currently for 26% of the corn acres 
planted in the United States.’ The continuous planting 
of corn uses nitrogen fertilizer inefficiently and is poten- 
tially the source of a large amount of nitrate leaching 
into the ground water. (This conclusion is tentative. The 
linkage is not yet firmly established.) 
In what follows, the concept of excess nitrogen will 
be discussed. Next, alternative options designed to 
reduce excess application of nitrogen fertilizer, which 
leads to excess nitrogen available for potential leaching 
into the ground water, will be delineated and their cost 
to a farmer indicated. Finally, a case study will be used 
to estimate the relative costs to a farmer of reducing 
excess nitrogen fertilizer application. 
Definition of excess nitrogen 
To determine the amount of excess nitrogen available 
for potential leaching into the ground water under a 
farming practice such as crop rotation, the nitrogen 
mass balance method is employed using the nitrogen 
cycle.‘,” The amount of excess nitrogen, np, available 
for potential leaching associated with farming activities 
is defined as the difference between the amount of 
nitrogen applied from all sources on one acre of 
cropland and the amount of nitrogen present in both 
plants and crops harvested and removed, np, at the end 
of the growing season. The amount of nitrogen applied 
includes that from nitrogen fertilizer, nf, nitrogen 
credited from previous legume crops, n,, and nitrogen 
from manure application, n,. The excess nitrogen avail- 
able for potential leaching over a continuous time in- 
terval, t, is thus computed as 
n,(t) = n,(r) + n,(t) + n, (1) - n,(f) (1) 
Note that this definition is concerned with the excess 
nitrogen caused only by farming activities.b It assumes 
that for a given acre the amount of nitrogen available for 
plant uptake, from atmospheric nitrogen absorbed by 
the soil and from the organic matter in the soil, are 
negligible after subtracting nitrogen losses attributable 
to other factors. These other factors include nitrogen 
losses due to denitrification, volatilization, water run- 
off, and soil erosion. It also assumes that the excess 
nitrogen leaves the field at the end of each growing 
season. Finally, it assumes a long-run, steady-state 
nitrogen residue level in the soil. Any of the assump- 
tions above can be removed and a different estimate of 
the excess nitrogen can be calculated. For instance, for 
a particular cropland site encountering significant soil 
erosion, the nitrogen loss due to soil erosion can be 
estimated and subtracted from the right-hand side of 
equation (1). 
b An accurate estimate of the excess nitrogen available for leaching is 
obviously difficult to obtain. The problem is associated with the 
difficulties in distinguishing between leaching and denitrification and 
with delineating between nitrogen losses and changes in the organic 
nitrogen level in the soil. The reader interested in pursuing this issue 
can find a good discussion in the paper by Blackmer.” 
142 Appl. Math. Modelling, 1993, Vol. 17, March 
As defined, the concept of excess nitrogen has con- 
siderable practical appeal. Using the indicated defini- 
tion, a farmer is able to estimate the amount of nitrogen 
added and the amount of nitrogen removed from a field 
to calculate the excess nitrogen residual in the soil. A 
farmer using this relationship can efficiently apply ni- 
trogen fertilizer to minimize excess application of nitro- 
gen. A farmer can also use it to approximate the amount 
of nitrogen available for potential leaching in areas 
where soil conditions favor water infiltration. In these 
areas, reducing the excess nitrogen available for poten- 
tial leaching is tantamount o reducing excess nitrogen 
leaching into the ground water. 
Options to reduce nitrogen fertilizer use 
As noted above, rotating crops is one way a farmer can 
reduce his or her application of nitrogen fertilizer. This 
is what will be considered here. Several crop rotations 
will be evaluated to provide information on the relative 
costs of adopting alternative farming practices designed 
to reduce the nitrogen fertilizer application rate. The 
cost to a farmer of the rotations considered will vary 
from one option to another. The farm-level perfor- 
mance of various crop rotations under four different 
options is considered. The alternatives are enumerated 
below. 
No restriction 
Under this option, cropland that employs a crop 
rotation pattern to reduce the nitrogen fertilizer applica- 
tion rate is currently (or is eligible to be) in the existing 
farm program in the United States. (Glaser” and Pol- 
lack and Lynchi detail the current components of the 
United States farm program that are applicable to the 
farm decision model being developed here, including 
the notion of target prices, program yields, and based 
acreage set-asides. The reader interested in the nuances 
of the United States farm program is referred to these 
sources. Subsequent reference to the farm program will 
assume an understanding of these concepts.) This op- 
tion is used as the basis for comparison of the different 
crop rotation patterns. No nitrogen credits are consid- 
ered for growing legume crops prior to planting corn, 
and no fertilizer use restrictions are imposed on a 
farmer. Two types of cropland are considered under 
this option-cropland with a high potential for leaching 
and cropland with a moderate leaching potential. 
Continuous planting of corn with a restriction on 
nitrogen fertilizer use 
A farmer continuously planting corn under this op- 
tion will be allowed to participate in the existing United 
States farm program (see above) but he or she is re- 
quired to reduce the nitrogen fertilizer application rate 
to the point where there is zero excess nitrogen avail- 
able for potential leaching, as defined by relationship 
(1). 
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Soybean-corn rotation with a restriction on nitrogen 
fertilizer use 
A farmer growing soybeans and corn in rotation will 
be allowed to participate in the existing United States 
farm program under this option but he or she will be 
required to reduce the nitrogen fertilizer application 
rate so that the excess nitrogen available for potential 
leaching, as defined by relationship (l), is equal to zero. 
There will be a credit for nitrogen fixed by soybeans. 
Meadow-corn rotation with a restriction on nitrogen 
fertilizer use 
Under this option a farmer growing meadow and corn 
in rotation will be allowed to participate in the existing 
United States farm program but he or she will be re- 
quired to reduce the nitrogen fertilizer application rate 
so that the excess nitrogen available for potential each- 
ing, as defined by relationship (I), will equal zero. There 
will be a credit for nitrogen fixed by meadow. 
Determining the nitrogen fertilizer application 
rate 
Different options can have different impacts on a 
farmer’s decision with regard to the application rate of 
nitrogen fertilizer. An unconstrained, profit-maximiz- 
ing farmer will equate the value of the increased output 
associated with using one additional pound of nitrogen 
fertilizer to the cost of that additional pound of nitrogen 
fertilizer to determine the optimal nitrogen fertilizer 
application rate for a particular crop rotation. Thus, for 
example, under the existing United States farm pro- 
gram and no nitrogen fertilizer use restriction, a farmer 
would apply fertilizer up to the point where value of the 
marginal product associated with the application of 
nitrogen fertilizer equals the nitrogen fertilizer price. In 
making this decision, there will be an absence of any 
variables such as the target price, the program yield, 
and/or the percentage of base acres set aside that are 
found in the current farm program that affects agricul- 
tural production in the United States. This indicates 
that these factors will not affect a farmer’s decision with 
regard to the rate at which nitrogen fertilizer is applied. 
Participation in the existing program involves a lump- 
sum payment to a farmer regardless of his or her nitro- 
gen fertilizer application rate. 
To formalize the farmer’s decision process, consider 
the following. For an initial level of nitrogen in the soil, 
n,, a farmer is confronted with selecting a crop rotation 
subject to several constraints and physical relation- 
ships. Assume that the farmer is confronted with a set of 
viable crop rotations {r,,, n = 1,2, . . . , N} and has as his 
or her objective the maximization of net per acre return, 
Z, which is accomplished by choosing the optimal crop 
rotation, r*. The decision process is therefore defined 
by 
Z(n,, r*) = maximize {z(n,, r,), n = 1,2, . . . , N} 
(2) 
where 
z(n,, y,) = ((pic’“‘(t)yicm’(t) - w+@(t) 
r 
- c”‘“‘(t))(l + s)-‘)dt (3) 
where pi is the market price of crop i and time t, yi is the 
per acre yield of crop i harvested at time t, w is the price 
of nitrogen fertilizer, tf is the nitrogen fertilizer applica- 
tion rate at time t, c’ is the per acre production cost 
excluding the cost of nitrogen fertilizer at time t, and s is 
the rate of discount.c Note that the i(r,) indicates that a 
specific crop is grown at each time period but that this 
crop might change depending on the rotation being 
considered over the integral. 
This decision process will be subject to a series of 
constraints and physical relationships exclusive of any 
constraints imposed to limit nitrogen fertilizer use: 
The amount of nitrogen available for plant uptake, 
no, is limited by the per acre nitrogen fertilizer appli- 
cation rate, nf, and the residual nitrogen available 
from the previous periods for use at time t, n,: 
n,(t) = q(t) + n,(t) (da) 
The residual nitrogen at time t, n,(t), is a function of 
the excess nitrogen available for potential leaching, 
n,(t), and the residual nitrogen carried over from the 
previous period, n,(t - 1): 
n,(t) = .f(n,(t),n,(t - 1)) (4b) 
where np (t) is defined in relationship (1). 
There is an initial amount of residual nitrogen in the 
soil: 
n,(O) = n0 (4c) 
Nitrogen uptake by crop i at time t, n,(t), is a linear 
function of the crop yield: 
n,(t) = ay’(t) (4d ) 
where a is a constant and the other terms are as pre- 
viously defined. For the analysis in this paper, it is 
assumed that a = 0.9. That is, there is 0.9 lb of nitro- 
gen in one bushel of corn.15 
Crop yield at time t, y’(t), is assumed to be a function 
of the nitrogen available for plant uptake at time t, 
n,(t): 
y’(t) = g’k, (0) (W 
Finally, it is assumed that no manure is applied by 
the farmer. That is, throughout the subsequent analy- 
sis, it is assumed that n, = 0. 
To empirically implement the model specified, it is 
necessary to have explicit representations for two sets 
of functions-the residual nitrogen transformation 
functions, n,,(t) = .f(n,(t), n,(t - l)), and the crop yield 
functions, y’(t) = g’(n,(t)). These will be discussed 
next. 
c The discount rate is assumed to equal 0.04 throughout he analysis. 
See Dervis et al.“’ for a discussion of the reasonableness of this value. 
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Functional representations leaching when legume crops are grown, then there is no 
fertilizer applied to the legume crops and there is no 
plant uptake of nitrogen. Note that these assumptions 
are consistent with those made by Schaffer et a1.r6 
Given these assumptions, the relationship defining the 
residual nitrogen in the soil is 
Residual nitrogen transformation functions-the 
continuous planting of corn 
The amount of residual nitrogen in the soil, n,(t), un- 
der the continuous planting of corn at time t is given as 
n,(t) + n,(t - 1) = n,(t - 1) - n,(t - 1) 
+ ni(t - 1) (5) 
where ne(t) is the amount of nitrogen leached at time t 
and n;(t) is the inherent nitrogen from precipitation at 
time t. If the excess nitrogen available for potential 
leaching is greater than zero, it is assumed that k (fork 
between zero and 1) of it is leached. That is 
n&) = kn,(t) 
= &, 0) - nP 0)) (6) 
Given this equation, relationship (5) can be rewritten 
as 
n,(t) = (1 - k)(n,(t - 1) - n,(t - 1)) + n,(t - 1) 
(7) 
An exact determination of a value for k is difficult to 
make. The value can be approximated, however, using 
the procedure suggested by Schaffer et al.d,‘6 In areas 
where the ground water is extremely vulnerable to 
nitrogen contamination due to leaching, the value of k 
will approach 1, whereas for areas where leaching is 
very unlikely, the value of k approaches 0. In the subse- 
quent analysis, a value of k = 1 will be used for areas 
considered to have a high potential for leaching, and a 
value of k = 0.5 will be used for areas where the 
leaching potential is only moderate. 
Residual nitrogen transformation functions: The 
legume-corn rotation 
The amount of residual nitrogen in the soil at time t 
when a legume crop (either soybeans or meadow) is 
grown is given as 
n,(t) + n,(t - 1) = n,(t - 1) + n,(t - 1) 
- n,(t - 1) + n,(t - 1) (8) 
where n, (t) is the legume-fixed nitrogen that can be used 
for growing corn and the other terms are as previously 
defined. 
If it is further assumed that there is no nitrogen 
d Schaffer et al.t6 suggest the use of the following relationship to 
determine an appropriate value for k: 
k(t) = (1 - exp (- 1.2 wal(r))/por) 
where n&(r) is the water available for leaching at time t and por is the 
porosity of the soil in the root zone. The variable wal(t) is computed as 
wal(r) = pe(t) - ef(r) - (awhc - wr(t)) 
where pe(r) is the effective precipitation at time t, e?(t) is the potential 
evapotranspiration at time t, awhc is the water-holding capacity ofthe 
soil, and wr(t) is the water content of the soil at time t. In implementing 
relationship (7), an average value for k(r) across time periods is 
assumed. 
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n,(t) = n,(t - 1) + n,(t - 1) (9) 
Yieldfunctions 
Before discussing the yield functions it is necessary 
to comment on the data used in the estimation because 
the data define the nature of these functions. The yield 
data (relating yield and nitrogen fertilizer use) were ob- 
tained from an Iowa State University research study.” 
This study examined the impact of nitrogen fertilizer 
application rates and crop rotation patterns on crop 
yields. In the study only the nitrogen fertilizer applica- 
tion rate and the sequence of crop rotations varied. All 
other factors were held constant. These data are used 
to estimate the yield functions for specific crop 
rotations. Estimated yield functions are used as the ba- 
sis of the analysis. The crop rotations considered are 
soybean-corn (BC) and meadow-corn (MC) in addi- 
tion to the continuous planting of corn. These rotations 
are common in the Corn Belt region of the United 
States.* The nitrogen application rate for corn produc- 
tion varies between rotations. In each rotation, only 
corn production receives nitrogen fertilizer. 
The estimated yield functions for the three different 
crop sequences are given in Table 1. The coefficient es- 
timates were obtained by ordinary least squares. Tests 
for common econometric problems including hetero- 
scedasticity, functional misspecification, and multi- 
collinearity did not reveal any deficiencies. The inter- 
cept term on the yield function for the continuous plant- 
ing of corn is used as the measure of the inherent pro- 
ductivity of the soil. The intercept is the annual corn 
yield that would be realized from the soil without the 
application of any nitrogen fertilizer. The difference be- 
tween the intercepts on the yield functions when corn is 
continuously planted and when one of the legume-corn 
crop rotation sequences is planted is the yield response 
attributable to the nitrogen fixed by the legume crop, 
which is used subsequently by the corn. Finally, the in- 
tercept of the yield function for continuously planting 
corn is used to compute the initial nitrogen level, n,, in 
the soil. 
Policy options 
As noted above, the options considered are those de- 
signed to limit the use of nitrogen fertilizer. The objec- 
tive is to reduce the excess nitrogen available for poten- 
tial leaching to zero. This requires introducing two 
additional constraints into the problem formulation. 
The first additional constraint requires that the residual 
nitrogen carried over from one period to the next, n,(t), 
plus the nitrogen fertilizer applied, nf, must be less than 
or equal to the nitrogen removed from the field through 
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Table 1. Estimated coefficients for yield response to nitrogen fertilizer application rates for different preceding crops’. 
Rotations A(i,j 1 BbJ ) C(i,j ) 
Corn after corn 65.64 0.730 -0.0017 
(4.31) (0.088) (0.0004) 
Sample size = 16 
Corn after soybeans 107.0 0.521 -0.0012 
(5.1) (0.105) (0.0004) 
Sample size = 8 
Corn after meadow 149.9 0.165 - 0.0004 
(3.17) (0.066) (0.0003) 
Sample size = 8 
R2 
0.94 
0.94 
0.79 
’ The yield function is specified as y(i,j ) = A(i,j ) + B(i,j )(n, (i,j )) + C(i,j )((n, (i,j ))**2 where y(i,n) denotes the yield for crop i preceded by 
crop j; n, (i,j) is the nitrogen fertilizer application rate for crop iwhen preceded by crop j; and A(i,j), B(i,j), and C(i,j) are coefficientsto be 
estimated. In the field experiments, only corn received nitrogen fertilizer applications. Note that the values in parentheses are standard 
errors of the estimates. 
plant uptake and removal of the harvested crop. That 
is, 
n,(t) + n,(t) 5 0.9y’(t) (IO) 
The second constraint requires that the nitrogen 
fixed by a legume crop, n,(t), plus the inherent nitrogen, 
n;(t), plus the nitrogen fertilizer applied, n,(t), be less 
than or equal to the nitrogen removed from the field. 
That is, 
&(t) + n,(t) + n,(t) 5 0.9y’(t) (11) 
Finally, before turning to a discussion of the results, 
a brief description of the origin of the rest of the data 
used in implementing the model is required. Production 
data costs are from Duffy and Chase.18 The cost data 
represent average production costs for farms in Iowa.” 
The commodity price data are from the Economic 
Research Service.‘” The December 1989 nitrogen fertil- 
izer price ($0.15 per lb) is assumed to prevail initially 
although a sensitivity analysis is included in order to 
examine the effect of variations in the price of nitrogen 
fertilizer on the results. 
Empirical results 
The excess nitrogen fertilizer application rates, corn 
yields, and net farm incomes under the crop planting 
sequences previously discussed are computed. Each 
crop planting sequence is assumed to have a six-year 
horizon. It is further assumed that there is no nitrogen 
fertilizer carry-over between plantings if the cropland 
has a high leaching potential and that there is no nitro- 
gen credits from legumes if corn is continuously 
planted. Subsequently, restricting the use of nitrogen 
fertilizer while simultaneously accounting for the nitro- 
gen fixed by the legume crop will be assessed. Finally, 
the costs to a farmer of operating under a restricted 
fertilizer use environment will be evaluated. The Gener- 
alized Algebraic Modeling System (GAMS) is used to 
solve the farm-level decision model.2’ 
No fertilizer use restrictions 
Switching from the continuous planting of corn to 
one of the crop rotations discussed, although imposing 
no fertilizer use restrictions, will reduce the nitrogen 
fertilizer application rate and excess nitrogen while 
increasing net farm income. Table 2 shows these values 
if it is assumed that the existing farm program is in 
effect. The soybean-corn rotation has the highest net 
farm income over a six-year period ($789), while the 
meadow-corn rotation has the lowest ($655). This is not 
surprising because growing meadow precludes produc- 
tion of a marketable crop. The continuous planting of 
corn has the highest per acre nitrogen fertilizer applica- 
tion rate (193 lb per acre) but the lowest per acre corn 
yield (143 bushels per acre), whereas the meadow-corn 
rotation has the lowest per acre nitrogen fertilizer appli- 
cation rate (1 I6 lb per acre) but the highest per acre corn 
yield (164 bushels per acre). 
A relatively large amount of nitrogen from the appli- 
cation of nitrogen fertilizer is required in order to re- 
ceive the highest net farm income. Nitrogen fixed by a 
legume crop alone will not be sufficient to produce corn. 
Consequently, the largest net farm income will be real- 
ized only if nitrogen fertilizer is applied by the farmer. 
This result is contingent on the relatively low ratio of the 
price of fertilizer to the price of corn ($0.15/$2.10 = 
0.071). The per acre difference in the nitrogen fertilizer 
application rate between the continuous planting of 
corn and the soybean-corn rotation is small (7 lb). The 
meadow-corn rotation needs an additional 116 lb of 
nitrogen fertilizer per acre to grow corn efficiently in 
addition to the nitrogen fixed by the meadow. If the 
nitrogen applied in the form of fertilizer and that fixed 
by the legume crop are considered in concert, both the 
soybean-corn and meadow-corn rotations exhibit ex- 
cess nitrogen available for potential leaching on 
cropland susceptible to high (i.e., k = 1) as well as 
moderate (i.e., k = 0.5) leaching. 
Limiting fertilizer use 
Next, consider the impact on a farmer when nitrogen 
fertilizer use is constrained as defined by relationships 
(10) and (11). The price of corn is assumed to be $2.10 
per bushel (as before), but it is now assumed that the 
price of nitrogen fertilizer ranges between $0.05 and 
$0.45 per lb in $0.10 increments. (This assumption al- 
lows for a study of how sensitive the results are to the 
price of nitrogen fertilizer.) Each planting pattern is 
examined based on one of two types of cropland. These 
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Table 2. Nitrogen fertilizer application rate, corn yield, excessive nitrogen, and net 
farm income with no fertilizer use restriction. 
Crop rotation 
Continuous planting 
of corn 
High potential 
for leaching 
Moderate potential 
for leaching 
Soybean-corn 
High potential 
for leaching 
Moderate potential 
for leaching 
Soybean- meadow 
High potential 
for leaching 
Moderate potential 
for leaching 
Nitrogen 
fertilizer 
application 
rate 
193 
170 
186 
186 
116 
116 
Corn Excessive 
yields nitrogen 
143 384 
143 124 
162 237 
162 118 
164 133 
164 67 
Net 
farm 
income 
760 
781 
789 
789 
655 
655 
Note: The nitrogen fertilizer application rate is in pounds per acre per year, corn 
yields are in bushels per acre per year, excessive nitrogen is in pounds per acre over a 
six-year horizon, and net farm income is in dollars per acre over a six-year time 
period. 
types correspond to their leaching potential. For 
cropland with a high potential for leaching, it is assumed 
that for each time period, t, any unused nitrogen will be 
lost and hence cannot be used for future (i.e., t + 1, t + 
2 . .) crop production. For cropland with moderate 
leaching potential, it is assumed that 50% (i.e., k = 0.5) 
of the residual nitrogen is carried over from one period 
to the next. Given these assumptions, in evaluating the 
yield response functions, n,(t) will equal n,(t) for 
cropland with a high potential for leaching whtle n,(t) 
will equal n,(t) plus n,(t) for cropland with moderate 
leaching potential. The amount of nitrogen fixed by 
legumes is estimated, as previously indicated, by the 
difference between the intercept terms on the various 
yield functions. 
The effects on fertilizer application rates and net 
farm income of limiting fertilizer use are shown in Table 
3a and Table 36, respectively. The bottom line is that in 
order to have zero excess nitrogen available for poten- 
tial leaching, a significant reduction in the nitrogen 
fertilizer application rate is required for each of the 
planting options considered (i.e., the continuous plant- 
ing of corn, a soybean-corn rotation, and a mead- 
ow-corn rotation). Although both soybeans and 
meadow fix nitrogen that is available for the subsequent 
production of corn, the nitrogen fertilizer application 
rate for both the soybean-corn and the meadow-corn 
rotations is constrained, i.e., constraint (11) is binding. 
This result is a consequence of the relatively low price 
of nitrogen fertilizer (at $0.15 per lb). A higher nitrogen 
fertilizer price at $0.35 will affect the fertilizer applica- 
tion rate only on the meadow-corn rotation. Using the 
residual nitrogen in the soil, n,(t), will reduce the excess 
nitrogen available for potential leaching, at the same 
time resulting in an increase in net farm income. This 
reduction in excess nitrogen and gain in net farm in- 
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come, however, are mitigated as the price of nitrogen 
fertilizer increases. Further, under the limiting fertilizer 
use option, the soybean-corn rotation will have the 
largest effect on net income. It becomes the most profit- 
able practice if the nitrogen fertilizer price rises above 
$0.35 per lb. 
Compliance cost 
Finally, a farmer is inherently concerned with the 
effect on net farm income of adopting a different crop- 
ping practice. This effect can be computed simply as the 
difference in net farm income from the continuous 
planting of corn, assuming that this is the practice ini- 
tially employed by the farmer, and the planting under a 
soybean-corn or meadow-corn rotation. It is nom- 
inally referred to as the compliance cost. The compli- 
ance costs for the three different crop planting schemes 
were computed assuming that farmers were planting 
their crops, first, on land with a high potential for 
leaching and, second, on land with a moderate potential 
for leaching. The results are presented in Table 3a. They 
show that when the nitrogen fertilizer price is relatively 
low, a fertilizer use restriction on cropland that is highly 
vulnerable to potential leaching will have a slightly 
smaller compliance cost relative to cropland with a 
moderate leaching potential. The compliance cost for 
both types of cropland decreases as the nitrogen fertil- 
izer price increases. The soybean-corn rotation with a 
restriction on fertilizer use has the lowest compliance 
cost. In fact, this compliance cost becomes negative: 
The net farm income under the soybean-corn rotation 
actually exceeds the net farm income from the continu- 
ous planting of corn for a price of nitrogen fertilizer 
exceeding $0.25 per lb. 
Associated with each of the cropping patterns dis- 
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Table 3a. Nitrogen fertilizer application rate when nitrooen fertilizer use is constrained. 
Nitrogen fertilizer price 
Crop rotation $0.05 $0.15 $0.25 $0.35 $0.45 
Continuous planting of corn 
with no fertilizer use 
restriction 
On cropland with high 
potential for leaching 207 193 180 165 151 
On cropland with 
moderate potential for 
leaching 170 166 162 157 146 
Continuous planting of corn 
with a restriction on 
fertilizer use 114 114 114 114 114 
Soybean-corn rotation 
with a restriction on 
fertilizer use 93 93 93 93 93 
Meadow-corn rotation with 
a restriction on fertilizer 
use 67 67 57 0 0 
Note that the nitrogen fertilizer prices are in dollars per pound and the nitrogen fertilizer 
application rates are in pounds per acre per year. 
Table 3b. Net farm income when nitrogen fertilizer use is constrained. 
Nitrogen fertilizer price 
Crop rotation $0.05 $0.15 $0.25 50.35 
Continuous planting of corn 
with no fertilizer use 
restriction 
On cropland with high 
potential for leaching 855 760 672 590 
On cropland with 
moderate potential for 
leaching 864 781 689 617 
Continuous planting of corn 
with a restriction on 
fertilizer use 707 653 599 545 
Soybean-corn rotation 
with a restriction on 
fertilizer use 759 738 716 694 
Meadow-corn rotation with 
a restriction on fertilizer 
use 665 650 635 628 
50.45 
515 
540 
492 
673 
628 
Note that the nitrogen fertilizer prices are in dollars per pound and the net farm incomes are 
in dollars per acre over a six-year horizon. 
cussed will be a change in nitrogen fertilizer use. These 
changes will have an impact on net farm income. The 
effect on net farm income of a change in nitrogen 
fertilizer use for each option is given in Table 36. The 
reduction in net farm income associated with the change 
in nitrogen fertilizer use when the cropland is highly 
vulnerable to potential leaching relative to cropland 
with a moderate leaching potential is quite significant. 
For example, at a nitrogen fertilizer price of $0.15 per lb, 
the fall in net farm income when excess nitrogen is 
reduced by one pound under the soybean-corn rotation 
in areas with a moderate potential for leaching is nearly 
twice that as in areas with a high potential for leaching. 
Given that analogous results hold over most of the range 
in the price of nitrogen fertilizer considered, it can be 
concluded that reducing excess nitrogen in soils with a 
moderate leaching potential results in a greater decline 
in net farm income than would be realized if the soil 
possesses a high potential for leaching when the nitro- 
gen fertilizer price is between $0.15 and $0.35. 
Conclusion 
For a farmer currently growing corn from one year to 
the next, adopting a soybean-corn rotation can reduce 
the excess nitrogen in the soil and increase net farm 
income in the process. Adopting a meadow-corn 
rotation in deference to continuously planting corn, on 
the other hand, can reduce by a significant amount the 
excess nitrogen in the soil available for potential leach- 
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ing into the ground water, but this will involve a rela- 
tively sizable reduction in net farm income. Addi- 
tionally, to achieve a goal of zero excess nitrogen in the 
soil over time, both rotation schemes involve a limita- 
tion on the nitrogen fertilizer application rate. 
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